Introduction {#S0001}
============

Cancer immunotherapy has been considered a breakthrough in cancer treatment, providing durable and potent clinical efficacy in a range of cancer types.[@CIT0001],[@CIT0002] The clinical utility of cellular immunotherapy, such as adoptive T cell therapy, greatly depends on the identification of candidate target antigens. Cancer-testis antigens (CTAs) have been defined as promising targets because they are expressed at high levels in a range of human tumours, but are absent or detected at low levels in normal tissues except for the testis and placenta.[@CIT0003] Many clinical trials of cellular immunotherapies that target CTAs are ongoing.

As a CTA family member, preferentially expressed antigen of melanoma (PRAME) is an ideal target for immunotherapy and cancer vaccines.[@CIT0001],[@CIT0002],[@CIT0004],[@CIT0005] PRAME is expressed at very low levels in normal tissues, but is highly in solid tumours and hematological malignancies.[@CIT0006]--[@CIT0017] When performing PRAME-targeted therapy, the heterogeneity of its expression should be considered because this heterogeneity may limit the therapeutic response. Therefore, studies from our laboratory and others have investigated the impact of methylation on the expression of PRAME in hematologic malignancies, such as acute myeloid leukemia (AML), myelodysplastic syndromes (MDS) and chronic myeloid leukemia (CML).[@CIT0018]--[@CIT0021] Furthermore, several studies have demonstrated that treatment with the demethylating agent 5ʹ-aza-2ʹdeoxycytidine can successfully induce the expression of PRAME.[@CIT0020]--[@CIT0022]

Multiple myeloma (MM) is a plasma cell malignancy that remains incurable despite the significant improvement in the overall survival of MM patients in the past decade.[@CIT0023] We and others have shown that both the bone marrow mononuclear cells (MNCs) and sorted plasma cells of newly diagnosed MM patients exhibit greatly variation in the PRAME transcript levels.[@CIT0010]--[@CIT0012],[@CIT0024] Furthermore, we have reported that PRAME overexpression in the bone marrow was an adverse prognostic factor of progression-free survival in MM patients treated with nonbortezomib-containing regimens.[@CIT0011],[@CIT0012] We also demonstrated that PRAME gene copy number variations (CNVs) were one mechanism that led to differences in PRAME expression.[@CIT0012] To date, no study has evaluated the impact of methylation on PRAME expression in MM.

In the current study, after sorting plasma cell samples from 48 MM patients at diagnosis, we simultaneously evaluated the PRAME gene methylation, copy numbers and transcript levels and found that both methylation and CNVs were involved in PRAME expression in MM. Furthermore, the PRAME transcript levels increased in MM cell lines after treatment with the demethylating agent 5-azacytidine.

Materials and Methods {#S0002}
=====================

Patients and Samples {#S0002-S2001}
--------------------

A total of 48 MM patients were enrolled in the present study. These patients were diagnosed at our hospital from October 2015 to December 2018. The diagnosis was based on the International Working Group Criteria. Bone marrow (BM) samples were collected from all the patients at diagnosis, and normal BM samples were collected from healthy volunteers. Mononuclear cells (MNCs) were isolated from the BM samples by Ficoll-Hypaque gradient centrifugation. Plasma cells were sorted from MNCs using CD138 immunomagnetic beads (MiltenyiBiotec, Bergisch Gladbach, Germany) according to the manufacturer's instructions. This study was approved by the Ethics Committee of Peking University People's Hospital. All patients and volunteers provided written informed consent in accordance with the Declaration of Helsinki.

Detection of PRAME Transcript Levels {#S0002-S2002}
------------------------------------

The RNeasy Micro Kit (Qiagen, Hilden, Germany) was used to extract the RNA from the sorted plasma cells, and TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) was used to extract RNA from the cell lines according to the manufacturer's instructions. The PRAME transcript levels were measured using complementary DNA (cDNA) samples and TaqMan-based real time quantitative RT-PCR (qRT-PCR) technology as we have described previously.[@CIT0012],[@CIT0013],[@CIT0017] The PRAME transcript level was calculated as PRAME transcript copies/ABL copies and is expressed as a percentage. The reproducible sensitivity of the qRT-PCR was 2 copies, and all the samples with undetectable PRAME had ≥4,000 copies of ABL, guaranteeing that ≥0.05% of the PRAME transcript levels could be detected.

Bisulfate Treatment of Genomic DNA {#S0002-S2003}
----------------------------------

DNA bisulfite conversion was carried out using the EZ DNA Methylation-Lightning Kit (Zymo Research, CA, USA) according to the manufacturer's instructions. Briefly, approximately 500 ng genomic DNA per sample was added to the Lightning Conversion Reagent and mixed. Then, the mixtures were incubated in a thermal cycler at 98°C for 8 minutes, 54°C for 1 h and 4°C for 20 h. The bisulfate-converted DNA samples were loaded in a spin column provided with the kit for desulfonation and purification.

Cloning Sequencing of Sodium Bisulfate-Treated DNA {#S0002-S2004}
--------------------------------------------------

As in our previous report, the PRAME promoter and exon 1b regions were amplified.[@CIT0018] As shown in [Table 1](#T0001){ref-type="table"}, the primers for the exon 1b region reported by Ortmann et al were used, and those for the promoter region were designed by ourselves.[@CIT0018],[@CIT0020] The PCR products were cloned into the pCR2.1 plasmid vector (Invitrogen; Thermo Fisher, CA, USA), and transformed into DH5a competent cells. Eight recombinant colonies per PCR product were selected and sequenced. The methylation ratio was defined as the ratio of methylated CpG sites/all included CpG sites.Table 1The Sequences of the Primers Used in Cloning Sequencing and qMSPForward (5ʹ to 3ʹ)Reverse (5ʹ to 3ʹ)Product Size (bp)Cloning sequencing Promoter regionGTTGAATGTTTTAAGTAGAGAGGGTATATACAAAACCCACTTCCTC563 Exon 1b regionTGATTTGTTAATAGGTTTGTATTGGAAATTTACCTACTATCTATAACCCCC283qMSP MTAGAAAGTTTTGGGAAATCGAAATTTACCTACTATCTATAACCCCC121

Quantitative Methylation Specific PCR (qMSP) {#S0002-S2005}
--------------------------------------------

Considering the negative correlation between the methylation level of individual CpG sites and the previously obtained PRAME transcript levels, the PRAME methylation pattern in the MM patients, and the efficiency and specificity of real-time quantitative PCR, +287 CpG sites located in exon 1b were chosen to perform qMSP to determine the methylation level of the PRAME gene.[@CIT0018] Bisulfate-treated DNA was used as a template, and KAPA SYBR® FAST qPCR Kits (kapa biosystems, Wilmington, USA) were used for amplification. The primers for the methylated PRAME +287 CpG site (abbreviated as M) are shown in [Table 1](#T0001){ref-type="table"}, and the total DNA (abbreviated as T) was amplified with the primers for the exon 1b region that were used for clone sequencing. The amplification was performed with an ABI PRISM 7500 real-time PCR system (PE Applied Biosystems, Foster City, CA, USA) under the following conditions: incubation at 95°C for 3 minutes, followed by 40 cycles of 10 seconds at 95°C and 50 seconds at 60°C, and completed with melt curve analysis. Then, electrophoresis was performed to confirm the specificity by the amplicon size ([Figure 1](#F0001){ref-type="fig"}). Each reaction was performed in three replicates. The cycle number at which the fluorescence signal crosses a detection threshold is referred to as Ct, and the difference in the Ct values between the reactions for M and T was calculated for each sample (ΔCt=Ct (average of M replicates) -- Ct (average of T replicates)). Normal plasma cell DNA served as the calibrator, and each sample's relative PRAME methylation level was calculated using 2^−ΔΔCt^ (ΔΔCt=ΔCt (sample) --ΔCt (calibrator)).Figure 1(**A**) The electrophoretogram of the qMSP products. The template for the amplification of bisulfate-treated DNA, bisulfate-untreated DNA and no template control are abbreviated as BSDNA, UDNA and NTC. M and T represent methylated and total DNA, respectively. (**B**) PRAME protein levels in the plasma cells sorted from three MM patients.

Detection of PRAME Gene Copy Numbers {#S0002-S2006}
------------------------------------

DNA was extracted from the plasma cells using the TIANamp Micro DNA Kit (Tiangen Biotech, Beijing, China) according to the manufacturer's instructions. The PRAME gene copy numbers were measured by TaqMan-based real-time quantitative PCR (RQ-PCR) technology as we previously described.[@CIT0012]

Cell Culture and Reagents {#S0002-S2007}
-------------------------

Human MM cell lines LP-1 and MOLP-2 were purchased from the American Type Culture Collection (ATCC). Human MM cell line RPMI8226 cell line was kindly provided by Cell Bank Shanghai Institute of Cell Biology (Shanghai, China). The cell lines were all cultured in RPMI-1640 media supplemented with 10% fetal bovine serum, 100 U/mL penicillin, 100 mg/mL streptomycin, and 2 mM L-glutamine (Gibco, Life Technologies, Carlsbad, CA, USA). The cells were grown at 37°C in a humidified 5% CO~2~ atmosphere. 5-azacytidine was purchased from Sigma Aldrich, and the 5-azacytidine stock solution was prepared by dissolving the compound in dimethyl sulfoxide (DMSO; Sigma Aldrich, MO, USA).

Western Blot {#S0002-S2008}
------------

Lysates of the sorted plasma cells from the primary patients were obtained using RIPA lysis buffer (Beyotime Biotechnology, Shanghai, China). The protein concentration was determined using the BCA Protein Assay Reagent Kit (Solarbio, Beijing, China). Equal amounts of proteins (30 μg) were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membranes (Merck Millipore, Darmstadt, Germany). The membranes were incubated with 5% nonfat skim milk in Tris-buffered Saline and Tween 20 (TBST) for 1 h, followed by hybridization at 4°C overnight with primary antibodies against PRAME (rabbit monoclonal, 1:1000; Abcam, MA, USA) and GAPDH (rabbit monoclonal, 1:1000; Cell Signaling Technology, MA, USA). After washing with TBST, the membranes were incubated with a horseradish peroxidase-conjugated goat anti-rabbit IgG secondary antibody (1:10000; Santa Cruz, USA) for 1 h. The bands were detected by enhanced chemiluminescence substrate (Thermo Fisher Scientific, USA).

Statistical Analysis {#S0002-S2009}
--------------------

The Mann--Whitney U nonparametric test was used to compare the PRAME transcript levels in the sorted plasma cells between the two groups, and Student's *t*-test was used for the comparison of the PRAME transcript levels before and after 5-azacytidine treatment. Correlations were analysed using Spearman correlation test. All P-values were obtained using two-tailed tests, and a value of P\<0.05 was considered significant. The statistical analysis was performed using SPSS software version 19 (SPSS, Inc., Chicago, IL) and GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA).

Results {#S0003}
=======

PRAME Transcript and Protein Expression in Plasma Cells Sorted from MM Patients {#S0003-S2001}
-------------------------------------------------------------------------------

The PRAME mRNA expression varied greatly among the plasma cell samples sorted from the 48 MM patients at diagnosis, and the median PRAME transcript level was 3.1% (range: 0--298.3%). According to the sensitivity of detection of the qRT-PCR, 11 (22.9%) patients with ≤0.05% PRAME transcript levels were categorized into the PRAME low-expression group (6 had undetectable PRAME), and 37 (77.1%) patients with \>0.05% PRAME transcript levels were categorized into the PRAME high-expression group. In addition, the PRAME protein could be detected in the plasma cells sorted from three patients, and the protein levels corresponded to the transcript levels ([Figure 1B](#F0001){ref-type="fig"}).

PRAME Gene Methylation Patterns {#S0003-S2002}
-------------------------------

Clone sequencing was performed on the plasma cell samples sorted from 4 MM patients. P1 and P2 had low PRAME expression, and P3 and P4 had high PRAME expression. The PRAME gene CpG island methylation patterns of the promoter and exon 1b regions are shown in [Figure 2](#F0002){ref-type="fig"}. The total methylation ratios of the P1 to P4 samples were 61.3%, 59.3%, 19.4%, and 7.7%, respectively. In general, the degree of methylation decreased as the transcript levels increased. [Table 2](#T0002){ref-type="table"} shows the methylation ratios of the groups with low and high PRAME expression; the degree of methylation in both the promoter and exon 1b region was negatively related to the PRAME transcript levels. Furthermore, both the 5ʹ and 3ʹ regions of the promoter and exon 1b were negatively related to the PRAME transcript levels, although the 5ʹ region of the exon 1b was less methylated than the 3ʹ region in each sample ([Figure 2](#F0002){ref-type="fig"}). In addition, −130 was the only CpG site at which none of the clones was methylated ([Figure 2](#F0002){ref-type="fig"}).Table 2The Methylation Ratios of the Individual CpG Island RegionsRegionCpG SiteMethylation RatioPRAME Low Expression (P1 and P2)PRAME High Expression (P3 and P4)5ʹ part of promoter−540 to −42059.4%18.8%3ʹ part of promoter−389 to −13049.4%11.9%5ʹ part of exon 1b+132 to +24739.3%3.6%3ʹ part of exon 1b+260 to +36393.0%20.3%Promoter−540 to −13053.1%14.5%Exon 1b+132 to +36367.9%12.5%Total--60.3%13.5% Figure 2The clone sequencing results of the −540 to −130 and +132 to +363 CpG sites of the plasma cell samples sorted from 4 MM patients. The white square represents unmethylated cytosine; the black square represents methylated cytosine.

The Relationship Between Degree of Methylation of the PRAME Gene and Its Expression {#S0003-S2003}
-----------------------------------------------------------------------------------

Clone sequencing showed that the methylation ratios at the PRAME +287 CpG site were 81.3% in the PRAME low-expression group and 6.25% in the high-expression group, which was similar to the total methylation ratio and negatively related to the PRAME transcript levels ([Figure 2](#F0002){ref-type="fig"}). Therefore, the methylation level at the PRAME +287 CpG site, as measured by the qMSP technique, could represent the total degree of methylation of the PRAME gene. As shown in [Figure 3A](#F0003){ref-type="fig"}, the degrees of methylation of PRAME were different among the plasma cell samples sorted from the 48 MM patients (median: 0.59, range: 0.0002--1.44), and they were significantly negatively related to the transcript levels (r=−0.44, P=0.0018). The patients with different PRAME transcript levels were further analysed separately. In the PRAME high-expression group (n=37), the degree of methylation was significantly negatively related to the transcript levels (r=−0.69, P\<0.0001), whereas no relationship existed in the low-expression group (n=11, r=−0.27, P=0.43). Although the patients in the low-expression group had the range of degrees of methylation (0.13 to 1.14) that was similar to that in the high-expression group (0.00020 to 1.441), the PRAME transcripts in the low-expression group were almost undetectable. It implied that mechanisms other than methylation might be involved in low expression patients.Figure 3The impact of PRAME the degree of methylation and gene copy number status on PRAME expression in the plasma cell samples sorted from 48 MM patients. (**A**) The relationship of PRAME the degree methylation with its transcript levels. The horizontal line represents 0.05% of the PRAME transcript levels. (**B**) The PRAME transcript levels in samples with different gene copy number status. The horizontal lines represent the median PRAME transcript levels. ns, not significant; \*\*P\<0.01. (**C**) The PRAME transcript levels, degree of methylation and copy number status of each sample are simultaneously shown. The black circles, red circles, and blue triangles represent patients with no deletion, hemizygous deletion, and homozygous deletion, respectively.

The Relationship Between PRAME Gene Copy Number and Its Expression {#S0003-S2004}
------------------------------------------------------------------

CNV of the PRAME gene exited among the 48 MM patients. A total of 35 (72.9%) patients had normal PRAME gene copies with a relative copy number \~1.0, whereas 5 (10.4%) and 8 (16.7%) patients individually had a homozygous deletion and hemizygous deletion, which corresponded to relative copy numbers of \~ 0 and 0.5, respectively. The PRAME transcript levels were significantly different among the three groups (homozygous deletion 0% \[range: 0--0.030%\] vs hemizygous deletion 2.8% \[range: 0--95.9%\] vs no deletion 6.7% \[range: 0--298.3%\], P=0.0028, [Figure 3B](#F0003){ref-type="fig"}). The patients with homozygous deletions had significantly lower PRAME transcript levels than both the patients with no deletions and patients with hemizygous deletions (P=0.0008 and 0.0020), respectively. However, there were no significant differences in the PRAME transcript levels between the patients with hemizygous deletions and those with no deletions (P=0.40). Furthermore, the frequency of hemizygous deletion in the low-expression group was similar to that in the high-expression group (18.2% vs 16.2%, P=1.0).

The Relationship Between PRAME Gene Methylation, Copy Number and Its Expression {#S0003-S2005}
-------------------------------------------------------------------------------

The PRAME transcript level, degree of methylation and copy number status of each sample are simultaneously shown in [Figure 3C](#F0003){ref-type="fig"}. The degrees of methylation of the patients with no deletion, hemizygous deletion, and homozygous deletion were similar (P=0.96). The patients with hemizygous deletions dispersedly distributed in both the low-expression and high-expression groups. All 5 patients with homozygous deletions were categorized into the low-expression group despite their varied degrees of methylation; the remaining 6 patients in the low-expression group had a similar range of degrees of methylation that was similar to that of the high-expression group but almost undetectable PRAME transcript levels.

The Effect of 5-Azacytidine on PRAME Expression in MM Cell Lines {#S0003-S2006}
----------------------------------------------------------------

The PRAME transcript levels in the MOLP-2, LP-1 and RPMI8226 cells were 3.2%, 175.9% and 824.0%, respectively. As shown in [Figure 4](#F0004){ref-type="fig"}, the PRAME transcript levels of all 3 cell lines significantly increased after treatment with 0.25 μM and 0.5 μM 5-azacytidine for 24 h and 48 h.Figure 4The effect of 5-azacytidine on the PRAME transcript levels in MM cell lines. \*P\<0.05; \*\*P\<0.01; \*\*\*P\<0.001.

Discussion {#S0004}
==========

PRAME is commonly overexpressed in both solid tumours and hematologic malignancies, making it a promising target for immunotherapy.[@CIT0003]--[@CIT0017] Since PRAME is relevant to therapy response, the heterogeneity in its expression and the underlying mechanism should be considered. In the current study, we investigated the impact of methylation and CNV on PRAME expression in newly diagnosed MM patients, and the impact of a demethylating agent on the PRAME transcript levels in MM cell lines.

We previously reported that normal plasma cells expressed PRAME.[@CIT0012] Similar to our previous report, great variation was found in the PRAME transcript levels of the plasma cells sorted from 48 MM patients was observed.[@CIT0012] An interesting phenomenon is that several patients had undetectable PRAME transcript levels. Because of the low percentage of plasma cells in the bone marrow of MM patients, plasma cell sorting is necessary for real evaluation. As a result, the cell numbers and the ABL copies are low for some patients. Considering the sensitivity of detection, we chose 0.05% as the cut-off value to categorize the MM patients into low- and high-PRAME expression groups.

Methylation at DNA CpG islands is an important mechanism of regulating gene expression.[@CIT0025],[@CIT0026] Previous studies have observed that aberrant hypomethylation of PRAME correlates with its expression in AML, CML and MDS.[@CIT0018]--[@CIT0021] For the first time in MM plasma cells, we demonstrated a similar negative relationship between the PRAME transcript levels and the degree of methylation of the promoter and exon 1b region as well as the +287 CpG degree of methylation through clone sequencing and qMSP, respectively. Nevertheless, it seems that the methylation patterns are not identical among patients with hematologic malignancies.

We and others have demonstrated that the degree of methylation of the 3ʹ regions of the promoter and exon 1b but not the 5ʹ regions of the promoter were relevant to PRAME expression in AML/MDS patients.[@CIT0018]--[@CIT0020] However, the 2 plasma samples with high PRAME expression had significantly lower degrees of methylation of both the 5ʹ and 3ʹ regions of the promoter and the exon 1b CpG region compared to the 2 plasma samples with low PRAME expression. CpG site methylation at the promoter region inhibits gene expression by directly inhibiting the binding of specific transcription factors and by indirectly recruiting methyl-CpG-binding domain (MBD) proteins, which recruit histone-modifying and chromatin-remodelling complexes to the methylated sites.[@CIT0027] Different methylation patterns in 5ʹ region of the promoter CpG island suggested that MM plasma cells may have unique binding transcription factors or MBD proteins that regulate their PRAME expression.

By analysing the high- and low-expression groups separately, we found a negative relationship between PRAME expression and degree of methylation in the high- but not the low-expression group. Although the low-expression group had a range of degrees of methylation that was similar to that of the high-expression group, all the plasma samples had almost undetectable PRAME levels. Therefore, methylation cannot account for the fairly low PRAME expression in MM. In addition, we found that the PRAME transcript levels of 3 MM cell lines with high PRAME expression increased after demethylated agent treatment. Thus, the combination of a demethylating agent might improve the effect of PRAME-targeted therapy.

Gene CNV is another mechanism that contributes to heterogeneous gene expression in cancer.[@CIT0028]--[@CIT0031] We previously reported that both homozygous and hemizygous PRAME gene deletions occurred in MM plasma cells.[@CIT0012] In the current study, 5 patients had homozygous deletions, and they were all categorized into the low-expression group. It is obvious that no DNA transcript was detected. The samples with hemizygous PRAME deletions had similar PRAME transcript levels and degrees of methylation to those with no deletions. This result implied that hemizygous deletion had no significant impact on PRAME expression and that methylation mainly contributed to heterogeneous PRAME expression in MM patients with no PRAME homozygous deletion.

In addition to homozygous deletion, the mechanism that caused the low PRAME expression in the remaining 6 patients is still unclear. Genetic and other epigenetic alterations also need to be considered. Lee et al demonstrated that PRAME is upregulated by MZF1 in cooperation with DNA hypomethylation in melanoma cells.[@CIT0032] Whether defects in important transcription factors or MBD proteins, such as MZF1, occur in MM remains to be studied.

In conclusion, plasma cells from MM patients exhibited great variation in their PRAME transcript levels, and approximately 1/4 had fairly low PRAME expression. Through combining analysis, we demonstrated that both methylation and CNV participated in the regulation of PRAME expression; in patients with no homozygous PRAME deletion, PRAME expression was mainly controlled by methylation, and a proportion of fairly low PRAME expression was caused by homozygous deletion. It has been revealed that the demethylating agent 5-aza-2ʹ-deoxycytidine could induce PRAME expression in AML.[@CIT0020] We found that the PRAME transcript levels significantly increased in the MM cell lines after treatment with 5-azacytidine. The current study provides a evidence that more MM patients could be treat with PRAME-targeting immunotherapy combined with demethylating treatment. Furthermore, it should be noted that the demethylating agent is not suitable for all MM patients, and PRAME gene copies should be evaluated before treatment.
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